INTRODUCTION
Hepatic encephalopathy (HE) is a serious neuropsychiatric syndrome usually identified in patients with advanced liver disease, which manifests along a spectrum spanning from minimal cognitive dysfunction to states of confusion and even coma [1, 2] . HE can be subdivided into covert (minimal, grade 1) and overt (HE grades [2] [3] [4] according to the severity of the manifestations [2] . Minimal HE or covert HE is reported in 20%-80% of patients with cirrhosis, and the incidence of overt HE is 30%-40% [2] . These complications are associated with impaired quality of life and poor prognosis [2, 3] . At present, several factors have been identified that induce the incidence of HE, such as infection, constipation, gastrointestinal bleeding, and the use of some nervous system drugs [2] . However, unknown influential factors still need to be explored to facilitate better management of patients with chronic liver disease.
With an excellent safety profile, proton pump inhibitors (PPIs) are commonly prescribed for peptic ulcer disease, reflux disease, esophagitis, nonvariceal upper gastrointestinal bleeding, etc [4] . PPIs are very commonly used by as many as 46%-78% of patients with cirrhosis, and the excessive use of PPIs leads to a poor prognosis [5] [6] [7] . By altering intestinal microflora and increasing bacterial proliferation, previous studies have reported that PPI treatment is associated with small intestinal bacterial overgrowth (SIBO), spontaneous bacterial peritonitis, and other bacterial infections in patients with cirrhosis [8] [9] [10] [11] [12] . In addition, there is growing evidence that PPI therapy is associated with HE in patients with advanced liver disease [13] [14] [15] [16] [17] [18] . A previous metaanalysis evaluating the association between PPIs and HE included only three retrospective studies. Due to the limited number of studies, large heterogeneity, and lack of prospective studies, a definite conclusion could not be drawn [19] . To clarify the conclusions, this meta-analysis was performed to further examine the association between PPI use and the risk of HE in patients with advanced liver disease. studies in epidemiology guidelines [20] . Electronic databases including PubMed (from 1946 through January 8, 2019), EMBASE (from 1988 through January 8, 2019), Cochrane Central Register of Controlled Trials (CENTRAL) (from 1991through January 8, 2019), and Cochrane Database and Systematic Reviews (from 2005 through January 8, 2019) were searched by using subject headings and keywords. The search terms were proton pump inhibitor, proton pump inhibitors, PPI, PPIs, omeprazole, lansoprazole, pantoprazole, rabeprazole, esomeprazole, ilaprazole, hepatic encephalopathy, HE, and encephalopath*. No language restrictions were applied. Two researchers (Z.W. and L.Y.). independently completed the process of searching and screening. The titles and abstracts of the identified articles were assessed in the initial screening after duplicate citations were removed, and the full texts of potentially eligible studies were further evaluated to determine whether they should be included or not. In addition, additional studies were manually searched by reviewing the bibliographies of the included studies and the relevant review literature. ClinicalTrials.gov was also searched for unpublished studies. Disagreements between the researchers were resolved by discussing with a third researcher (J.W.).
Inclusion criteria
Randomized controlled trials, case-control studies, and cohort studies were included if meeting the following criteria: (1) The studies were performed in patients with advanced liver disease, including advanced fibrosis, cirrhosis (compensated or decompensated), and acute-on-chronic liver failure (ACLF); (2) The studies clearly clarified the definition of PPI exposure; (3) The studies evaluated the association between PPI use and the risk of HE, and reported a risk estimate and the corresponding 95% confidence interval (CI). The risk estimate included odds ratio (OR), relative risk (RR), and hazard ratio (HR). To reduce the impact of confounding factors, we only extracted the effect estimates adjusted for the greatest number confounding factors. If the same population was used in two or more articles, only the study with the most comprehensive information was included. The data from conference abstracts were included without distinction. However, due to the uncertain quality of abstracts, we conducted a sensitivity analysis excluding the data from conference abstracts. For articles with incomplete data and abstracts, we attempted to contact the corresponding author via email to request the relevant data.
Data extraction
Using a pre-established form, two researchers (Z.W. and L.Y.) independently completed data extraction. The collected data included the authors' names, publication year, study location, study design, number of included patients, patient demographics (age and sex), type of advanced liver disease, outcomes analyzed, definition of PPI use, follow-up time, variables used for adjustment, risk estimates with 95% CIs, and information used for the quality assessment. If two researchers had some disagreements in the process of data extraction, a third reviewer (J.W.) would be invited to resolve the disagreements.
Quality assessment
Because all included studies were observational, the Newcastle-Ottawa scale (NOS) was used for quality assessment [20] . The NOS evaluates the quality of case-control or cohort studies from three aspects. The scale items include selection (four points), comparability (two points), and exposure/outcome (three points). The scale has a maximum possible score of 9 points; 7 or more points indicate high quality, 5-6 points indicate moderate quality, and four or fewer points indicate low quality. Due to incomplete information in the conference abstracts, we only conducted quality assessments of full-text articles. Two reviewers (C.X. and L.C.) independently completed the quality assessments, and any disagreements were discussed with a third reviewer (N.L.), with agreement determined by consensus.
Statistical analysis
The primary outcome of this meta-analysis was the pooled risk of HE in patients using PPIs. We only extracted the adjusted risk estimates instead of the raw data calculated by the events and the total number of patients. Using the random effects model and the inverse variance method, the risk estimates were pooled to obtain an overall effect estimate and the corresponding 95%CI. Because the incidence of HE is relatively low, different risk estimates (OR/RR/HR) were considered equivalent [21] . Tsai et al [16] reported the ORs for HE in a subgroup analysis of patients with different PPI use patterns, and we pooled these OR values and 95%CI using a random effects model to obtain an approximate overall OR value with the associated 95%CI [19, 22] . Heterogeneity among the studies was tested by calculating Cochran's Q (with P < 0.10 considered significant) and the I 2 statistic. We considered the heterogeneity to be substantial when I 2 was > 50%. A high degree of heterogeneity was further explored in the subgroup analyses. We estimated in advance that the heterogeneity was mainly the result of differences in study designs and definitions of PPI use. Pre-arranged subgroup analyses would be performed based on the study design, definition of PPI use, study location, type of advanced liver disease, outcomes analyzed, and quality of the research. We performed the sensitivity analysis by excluding the data from conference abstracts. To eliminate confounding by indication, we also performed a specific sensitivity analysis for patients without prior HE. According to the Cochrane Collaboration Handbook [22] , it is not recommended to test for publication bias if the number of included studies is fewer than 10. We only explored publication bias by examining a funnel plot. All data analyses were performed by using Review Manager 5.3 (The Nordic Cochrane Centre, the Cochrane Collaboration, Copenhagen, 2014).
RESULTS

Literature search
Of 3006 studies initially retrieved, 2578 were from EMBASE, 383 from PubMed, and 45 from the Cochrane Library. One study was identified through the manual search. After excluding duplicates, 2684 titles and abstracts were reviewed, and 60 studies were assessed for eligibility through full-text review. Based on the inclusion criteria, eight observational studies and six conference abstracts were identified. Of these, six observational studies (three case-control studies and three cohort studies) [13] [14] [15] [16] [17] [18] and three conference abstracts [23] [24] [25] provided the necessary data and were ultimately included ( Figure 1 ). Two cohort studies and three conference abstracts were excluded because of incomplete data. We tried to contact the corresponding authors via email. However, our requests did not receive responses. Table 1 lists the characteristics of the included studies. Six observational studies (three case-control studies and three cohort studies) [13] [14] [15] [16] [17] [18] and three conference abstracts (two case-control studies and one cohort study) [23] [24] [25] were included. In total, 4342 patients from the case-control studies and 188053 patients from the cohort studies were included in this analysis. Three studies from Asia used a case-control design [15, 16, 18] , six studies were from Europe, and one study was from the United States [13, 14, 17, [23] [24] [25] . Most of these studies included middle-aged and elderly individuals, and there were more men than women. Cirrhotic patients were analyzed in five studies [14] [15] [16] 23, 24] , patients with cirrhosis with ascites in two studies [17, 25] , patients with cirrhosis with transjugular intrahepatic portosystemic shunt implantation in one study [13] , and patients with hepatitis B virus-related ACLF in one study [18] . Seven studies provided outcomes regarding the risk of HE grades 1-4 [13, [15] [16] [17] [23] [24] [25] , three studies provided the risk of HE grades 2-4 [14, 17, 18] , and one study provided the risk of minimal HE [14] . With regard to the definition of PPI use, there was a clear difference among the included studies. Three studies adopted the definition of in-hospital PPI use as PPI exposure (in-hospital definition) [13, 15, 18] , two studies adopted the definition of current PPI use as PPI exposure (current definition) [17, 23] , and the remaining studies specified the time of PPI exposure (≥ 2 weeks; > 30 cDDDs; ≥ 4 wk; > 90 d) (time-based definition) [14, 16, 24, 25] . Five studies provided the follow-up time, and the approximate follow-up time ranged from 4 mo to 3 years. All the included studies adjusted for various confounding factors except for two abstracts, which reported adjusted OR values but lacked details regarding the variables used for the adjustment [23, 25] . We assessed the quality of six full-text studies. Four studies scored 9 points [13, 14, 16, 17] , and two case-control studies scored 8 points (1 point was deducted for using hospital controls as a control group) [15, 18] . All these studies were considered high quality because of their relatively low risk of bias. Figure 2 demonstrates that the risk of HE was elevated in PPI users. The pooled RR was 2.08 (95%CI: 1.62-2.68, Cochran Q test P < 0.001, I 2 = 80%), indicating that compared with patients who did not use PPIs, PPI users had a 2.08-fold higher risk of developing HE, with significant heterogeneity. There was no significant difference based on study design in the effect on the risk of HE (χ2 = 2.96 and P = 0.09). The pooled RR for cohort studies was 1.67 (95%CI: 1.30-2.14, Cochran Q test P = 0.03, I 2 = 67%), while the OR for case-control studies was 2.58 (95%CI: 1.68-3.94). In the sensitivity analysis with conference abstracts excluded, the pooled RR was 2.14 (95%CI: 1.54-2.97, Cochran Q test P = 0.02, I 2 = 63%) ( Figure 3 ). Two cohort studies excluded patients who had previous HE episodes [17, 24] , and the remaining two cohort studies provided supplementary data focusing on patients without past HE episodes [13, 14] . In the sensitivity analysis of patients without prior HE episodes, the pooled RR was 1.93 (95%CI: 1.33-2.80, Cochran Q test P = 0.001, I 2 = 81%) ( Figure 4 ).
Study characteristics and quality assessment
HE risk in PPI users
Subgroup and stratified analyses
To explore the source of heterogeneity, we conducted subgroup and stratified analyses. Before performing this meta-analysis, we estimated that the sources of heterogeneity (if any) would mainly be differences in study designs and definitions of PPI use. We performed stratification analyses based on these two factors. The results showed that the heterogeneity was significantly reduced by each stratum, and the elevated risk of HE in the PPI group still existed ( Figure 5 ). Furthermore, we performed subgroup analyses based on the study location, type of advanced liver disease, and outcomes analyzed, and the results were consistent among the different subgroups ( Figures 6-8 ).
Publication bias
According to the Cochrane Collaboration Handbook [22] , testing for publication bias is not recommended if the number of included studies is fewer than ten. True asymmetry and opportunity are indistinguishable because of the low test efficiency. However, a funnel plot generated from the nine studies revealed that it was visually asymmetrical ( Figure 9 ).
DISCUSSION
In this meta-analysis, we found that PPI use was associated with a 2.08-fold higher risk of progression to HE. After excluding conference abstracts, the pooled results from the high-quality observational studies showed similar RR values and 95%CIs. There was a high degree of heterogeneity among studies, and the results of the subgroup analyses suggested that the heterogeneity may be the result of differences in the study designs and definitions of PPI use. The elevated risk of HE for PPI users was consistent regardless of the study design, definition of PPI use, study location, type of advanced liver disease, and outcomes analyzed. Previous studies revealed that HE was a predictor of PPI therapy [26, 27] , which suggests that the elevated risk of HE for PPI users may be affected by confounding by indication. However, the sensitivity analysis focusing on patients without past HE episodes showed a similar result. In addition, two of the included studies increased the persuasiveness of evidence by reporting significant dose-response relationships between PPI use and the risk of HE occurrence in patients with cirrhosis [13, 16] . It is worth noting that the pooled effect size of the case-control design was greater than that of the cohort design. Case-control designs can generate an exaggerated risk estimate because they are susceptible to various biases [28] . Furthermore, ORs may overestimate the true effect of an exposure on the outcome of interest [29] . We also found that the pooled risk estimates differed based on study location and type of advanced liver disease. These differences may be mainly due to different study designs. In addition, infection and eradication status of H. pylori and the degree of gastric atrophy may affect expression of proton pump [30, 31] . These factors largely influence gastric acid secretion and the effect of PPIs, thus causing differences in risk estimates in different locations. However, the impact of these factors cannot be analyzed because the data were not available. The study by Lin et al [18] was aimed to assess the role of PPI in a particular setting (ACLF), and sensitivity analysis by excluding the study showed that the pooled risk estimate was slightly altered. With respect to the outcomes analyzed, seven studies reported the results of HE grades 1-4, and three studies reported the results of HE grades 2-4. The results of these two outcomes were similar. Only one high-quality prospective cohort study evaluated the association between PPI use and minimal HE, and the risk estimate was higher than those for the other two groups. Because the diagnosis of minimal HE is difficult, most of the retrospective studies lack data for minimal HE. However, the incidence of minimal HE has been reported to range from 20% to 80% in patients with liver cirrhosis [2] . The lack of data regarding minimal HE may lead to an underestimation of the risk of overall HE (minimal HE and HE grades 1-4) in PPI users. Even so, the risk of HE was still high in our meta-analysis, which increases our confidence in our conclusion.
Previous studies showed that PPIs were used by as many as 46%-78% of cirrhotic patients [5, 7] , and the data from the six studies we included reported that the PPI use rate was 40%-76.3% in patients with advanced liver disease [13] [14] [15] [16] [17] [18] . The above data indicate that PPIs are very commonly used by patients with advanced liver disease. PPIs are often overused in clinical practice. Data from five studies we included showed that the indication for PPI use was unclear or appropriate in 44%-62.2% of the patients [13] [14] [15] 17, 18] . Inappropriate use of PPIs may put patients at an elevated risk of HE. Although PPIs are generally considered safe, we should strictly adhere to the indications for PPI use in patients with advanced liver disease. The accumulated evidence also confirmed that PPIs were associated with diverse adverse effects and even an elevated mortality rate [7, 32, 33] . Bian et al [19] performed a meta-analysis evaluating the association between PPIs and HE. However, there were some shortcomings that limited the reliability of their conclusions. First, the deadline for the search was December 2016, and only three retrospective studies were included. Second, the heterogeneity among studies was substantial. Limited by the small number of included studies, they did not perform subgroup or sensitivity analysis. Third, they did not investigate in detail the characteristics of the included studies or evaluate the research quality. Considering the shortcomings of the previous meta-analysis, this meta-analysis included more high-quality studies, conducted subgroup and sensitivity analyses, and obtained more reliable results. Weersink et al [34] systematically reviewed the safety of PPIs in patients with cirrhosis and suggested that the use of PPIs in patients with cirrhosis should be carefully considered because of the risk of HE. The results of our quantitative analyses were consistent with the results of theirs, although four studies included in their analysis were excluded in this meta-analysis (no relevant data or incomplete data).
The impact of PPIs on the development of HE may be explained by changes in intestinal flora and bacterial translocation. Previous studies have reported a close association between PPI use and SIBO [35, 36] . Moreover, recent studies showed that PPI use was associated with a less healthy gut microbiome, lower microbial diversity, and increased prevalence of Streptococcaceae [37, 38] . Changes in gut flora have been found to be associated with the development of HE [39, 40] . On the other hand, PPI use may predispose patients to bacterial infections by increasing bacterial proliferation and altering gastrointestinal motility [40] [41] [42] [43] . Therefore, PPIs may increase the production and absorption of nitrogenous substances, thereby increasing the risk of HE. HE in patients with ACLF seems to be different from that of acute decompensation in the clinical and pathophysiological aspects, and the mechanism and classification are still unknown [44] . Systemic inflammation, impaired intestinal mucosal immunity, and changes of intestinal microbiota may increase the risk of bacterial translocation in patients with ACLF [45] . Using PPI in ACLF patients appears to further increase the risk of HE, which requires further research. Tsai et al [16] found that rabeprazole was not associated with an increased risk of HE. One reason may be that the sample size of rabeprazole users is too small, and another may be the metabolic difference among different types of PPIs. PPs are mainly metabolized in the liver by liver metabolizing isozyme CYP2C19. Based on different combinations of wild-type gene and mutated alleles, CYP2C19 genotypes can be classified as ultra-rapid metabolizer, rapid metabolizer, intermediate metabolizer, and poor metabolizer [46, 47] . Different genotypes can influence pharmacokinetics and acid-suppressive effect. In addition, individual PPI has its own unique metabolic pathway [47] . These metabolic differences of PPIs may affect the occurrence of HE, and this deserves further research.
Our meta-analysis has some limitations. First, the number of studies included was small, and only six studies were included after the conference abstracts were excluded. Furthermore, only one study was a prospective cohort study, and the rest were retrospective cohort studies or case-control studies. Although these studies were of high quality, their inherent limitations based on design inhibited our ability to establish clear causality. Second, the heterogeneity among the included studies was significant. However, we performed subgroup analyses and found that the heterogeneity may stem from the differences in study designs and definitions of PPI use. When the heterogeneity was significantly reduced in the stratification analyses, the risk of HE was still present. Limited by the small number of studies, some subgroups only consisted of one or two studies. Third, our findings may have been affected by publication bias. Additional data from one study and three abstracts may be relevant, but we were unable to obtain the data even after attempting to contact the authors. Fourth, the definitions of PPI use differed substantially among the different studies. The studies included in our analysis defined a patient as a PPI user if the patient was using PPIs or had used PPIs for a short period of time in the past. During the progression of liver disease, the actual use of PPIs by individuals is unknown. However, the potential impact of this unknown factor can affect both the PPI and non-PPI groups. Fifth, although we performed the meta-analysis using adjusted estimates, the variables used for adjustment varied among the studies. We cannot exclude the possibility that these differences and other unknown factors may play roles in the progression to HE. The incidence of minimal HE was not assessed in most included studies, which might underestimate the risk of overall HE in PPI users. Some studies included special patients, which may lead to selection bias. Finally, due to insufficient data, we were unable to explore the association between the risk of HE and the type of PPI, indication for PPI treatment, time of PPI treatment, or method of PPI administration (oral/intravenous). We cannot predict whether the risk of HE changes after discontinuing the use of PPIs. These problems urgently need to be addressed in future studies.
In conclusion, the results of this meta-analysis of observational studies suggest that PPI use is significantly associated with the risk of progression to HE. Among patients with advanced liver disease, compared with nonusers, PPI users have a higher risk of HE. This important finding suggests that clinicians need to strictly adhere to the indications for PPI use in patients with advanced liver disease. Future large prospective studies and mechanistic studies are required to better understand the association between PPI use and the risk of HE. 
ARTICLE HIGHLIGHTS
Research background
Given their safety profile, proton pump inhibitors (PPIs) are commonly prescribed for patients with advanced liver disease. Recent studies have reported that using PPIs may increase the risk of hepatic encephalopathy (HE) by increasing the gastric pH and bacterial translocation and changing intestinal flora. About the association between PPI use and HE, evidence-based conclusions need to be drawn.
Electronic databases (PubMed, EMBASE, and the Cochrane Library) were searched for relevant articles meeting the inclusion criteria. We conducted a meta-analysis of all comparative studies that evaluated the association between PPI use and the risk of HE. The primary outcome was pooled risk estimates of HE in the PPI group and non-PPI groups. Subgroup analyses by different clinical and methodological characteristics were also performed.
Research results
We finally included nine observational studies (five case-control studies and four cohort studies). This analysis showed that PPI use was associated with an increased risk of developing HE regardless of the study design. The sensitivity analysis excluding conference abstracts or focusing on patients without prior HE showed a similar result. The results of subgroup analyses suggested that the heterogeneity may come from different study designs and definitions of PPI use.
Research conclusions
Compared with the non-PPI group, the PPI group has an elevated risk of HE in patients with advanced liver disease. This finding reminds clinicians that they should strictly adhere to the indications for PPI treatment in patients with advanced liver disease.
Research perspectives
To further explore the association between PPI therapy and the risk of HE, future studies need to refine the impact of the PPI types, time of PPI administration, and method of PPI administration on HE. In addition, more high-quality prospective studies and mechanistic studies are required to better understand the association between PPI use and the risk of HE.
